The interlaminar damages were investigated on the carbon fiber reinforced polymer (CFRP) composite laminate under laser irradiation. Firstly, the laminated T700/BA9916 composites were exposed to continuous wave laser irradiation. Then, the interface cracking patterns of such composite laminates were examined by optical microscopy and scanning electron microscopy. Finally, the Finite Element Analysis (FEA) was performed to compute the interface stress of the laminates under laser irradiation. And the effects of the laser parameters on the interlaminar damage were discussed.
Introduction
The widely application of the carbon fiber reinforced polymer (CFRP) laminates in the aircrafts requires accurate structure designing and reliable part manufacturing [1] [2] [3] [4] [5] . The laser beam is a promising machining tool for CFRP composite processing as it is always accompanied with better quality and higher productivity. It can also be utilized in processing the small and complex parts due to the fact the beam spot could be very accurately refined and heating affect zones be largely constrained. Besides, the laser machining is of lower cost in comparison to other techniques such as milling shape cutting and water jet-cutting [6, 7] .
However, laser machining might also has some noticeable size effects as it develops a local temperature elevation in the CFRP laminates [8] . As we know, the composite gradients are always combustible and the CFRP laminates are susceptible to deterioration in mechanical properties when exposed to the high temperature atmosphere [9, 10] . Therefore, the present laser machining of the CFRP composites, which is based on the physical and chemical actions such as pyrolysis and ablation, would induce thermal damage in the CFRP laminate beyond the objective regions [11, 12] . Among all of the probable thermal damages, the interlaminar damage is of most important effects as the large scale interlaminar cracking would lead to catastrophic results in the CFRP laminate structures. That's also why much research have been focused on the interlaminar damage during various thermomechanical process of CFRP parts.
Theoretically speaking, the interlaminar separation in the CFRP laminates is dominated by the evolution of the interlaminar damages, in particular the propagation of the interlaminar cracks. It was revealed that the fiber lay angle influences greatly the propagation of the interlaminar cracks [13] . And the relative weak fiber-matrix interface would contribute greatly to the multi-interlaminar shear failure mode [14] . Moreover, some fracture mechanics experimental work were carried out on the CFRP laminates under different temperature environment and it has been revealed that the apparent interlaminar strength would be reduced with the temperature elevation [15] [16] [17] [18] [19] [20] . Recently, a few methods have been developed to enhance the interlaminar strength and improve the overall interlaminar performance of the CFRP laminates [21] [22] [23] . While, to describe correctly the interlaminar behaviors of the CFRP laminates under laser irradiation should be the important prerequisite for any possible optimization in designing or manufacturing of the CFRP composite materials as far as the processing performances are taken into account.
In the present work, firstly, the interlaminar damage morphology of the CFRP laminate specimens under continuous laser irradiation was observed by optical microscopy as well as scanning electron microscopy. Then, the interlaminar damage pattern was analyzed and its space distribution characteristic was discussed. Finally, a finite element model was set up to calculate the temperature, deformation and stress arising in the CFRP laminates during laser irradiation.
Experimental description and results
The sixteen 0.125 mm thick CFRP laminae are stacked via the ply sequence of [45°, 0°, À 45°, 90°] 2 s to produce the 2 mm thick CFRP laminate used in the laser irradiation test as shown in Fig. 1 . The size of the specimen is 50 mmx50 mmx2 mm. The autoclave cured CFRP lamina is composed of ccf700 carbon fiber and BA9916-II resin matrix. The effective density of the CFRP laminate is 145 75 g/m 3 .
The specimen is placed in a cabinet full of Nitrogen with a transparent window, through which the Laser beam enters and impinged at the specimen vertically. Geometrically, the axial plane of the laminate specimen is parallel to the laser beam direction. The continuous wave laser of wavelength 1070 nm was used in the experiments. The laser beam is focused on the front most surface of the specimen and the initial spot radius is about 5 mm. Of course, the spot radius will slightly change with the removal of the surface material as the static irradiation is adopted in the present experiment. The irradiation holds for 3 s under different output laser powers, which are typically 500 W, 800 W and 1000 W.
After being irradiated by the Laser, the specimens were split along the axial plane of the irradiation spot to reveal the cross section. The cut sections of the laminates were polished and the specimens were ultrasonic cleaned to show the cracks clearly. The optical microscope and scanning electron microscope were used to observe the section morphology, in particular the interface damages.
The typical cross section morphologies by optical microscope are shown in Fig. 2 . It is revealed that the obvious pyrolysis happed in the irradiated region of the specimens, and the interlaminar cracks could be found close to the backward surface other than the irradiated forward surface. Fig. 2 also reveals fiber fracturing in the surface layer directly irradiated and the pyrolysis could be observed in up to eight laminae counted from the forward surface layer. Moreover, it is shown that several layers of carbon fiber remained even after the matrix removed by the laser irradiation. To reveal further characteristics of the interface damages in the specimen, the cross section morphology observed by scanning electron microscope are shown in Fig. 3 and 4 . The interface cracks, indicated by black lines and the pyrolysis front edge, indicated by red lines are further sketched in Fig. 5 to reveal clearly their locations and geometrical characteristics. The distinctive line widths are intentionally chosen in the sketch to approximately represent the opening displacement of the interlaminar cracks. The crack of maximum opening displacement, which always appears at the center of the pennyshaped cracks, than the half thickness of a single lamina is simply named as coarse crack in the manuscript, otherwise as fine crack. According to the experimental observation, the location of the most coarse crack and the pyrolysis front edge would move to the backward surface were the laser power increased, which is also sketched in Fig. 5 . Of course, the crack opening displacement should be intrinsically related to the thermal strain and thermal stress developed in the specimen. The out-of-plane deformation of the laminate contributes largely to the opening displacement of the interlaminar cracks, which is directly resulted from the asymmetric thermal expansion of the laminates.
It is indicated in Fig. 3 (a), Figs. 4(a) and 5(a) that the primary interface crack arises at the middle depth location of the laminate, i.e. between the fourth laminae and the fifth laminae counted from the backward surface for the case of laser power 500 W. The primary crack locates at the second interface for the case of laser power 800 W as shown in Figs It looks like that the location of the primary cracks approaches to the backward surface were the laser power increased. This is also the case for the pyrolysis front edge as demonstrated in Fig. 5 . Moreover, it is indicated that the interlaminar cracks would be widened and lengthened by increasing the output laser power, which is similar to the phenomenon observed in carbon/carbon composite subjected to elevated temperature [24] . It is also noteworthy that there are always short cracks arising close to the backward surface for almost all of the specimens irradiated by different laser powers, while as the irradiation by higher output laser power might have been more capable in changing the small cracks into primary coarse cracks.
The numerical analysis was conducted based on Finite Element Method (FEM) to preliminarily demonstrate the thermo-mechanical responses of the CFRP laminates under the irradiation of continuous wave laser. In particular, the interface stresses between adjacent laminae responsible for the interlaminar damages are investigated. 
Finite element model and results
The finite element method was used to analyze the temperature and the thermal stress arising in the CFRP laminated plates under laser irradiation. The technique of coupling and decoupling the Degree of Freedom (DOF) [25] was further utilized to simulate the interlaminar cracking in the laminates, in which the pre-coupled degree of freedom of the nodes at the interfaces would be decoupled once the stress states meet some fracture criterion. The quarter geometry of the CFRP laminated by laser irradiation is modeled in the computation as shown in Fig. 6 by considering the symmetry of the object. The overall dimensions of the quarter Table 1 and the location descriptions on the specific paths listed in Table 2 .
The main temperature dependent thermo-mechanical parameters of the materials are listed in Table 3 . In Table 3 , T is temperature; E 1 the elastic modulus in the direction parallel to the fiber, E 2 vertical to the fiber; G the shear modulus; α 1 the thermal expansion coefficient in the direction parallel to the fiber, α 2 vertical to the fiber and C the specific heat capacity. As partially revealed by Fig. 2 , the possible negative thermal expansion [26, 27] effect looks like be concealed in the experimental observation by the soft porous bump developed in the decomposed region wherein the maximum temperature was above the pyrolyzation temperature of the epoxy matrix. Therefore, the constant thermal expansion coefficients were assumed in the computation to manifest the bumping morphology. However, it is self-evident that such treatment on the thermal expansion effect should not influence obviously the overall stress and deformation in the region away from the decomposed material as the elastic modulus of the decomposed material is very small as shown in Table 3 . Besides, the temperature independent density of the material is 1590 kg/ m 
where the operator Table 2 The location descriptions on the specific paths. Once the temperature field has been obtained at any instant, the deformation and thermal stress could be calculated via solving the quasi-static equilibrium equations within the discretized domain u is the displacement vector, v is the Poisson's ration, α is the thermal expansion coefficient, θ is the temperature change and the subscript 'i' means the coordinates x, y and z, ', i' means the partial derivative to the coordinates x, y and z.
The numerical solutions to the heat conduction Eq. (1) and the piecewise quasi-static equilibrium Eq. (5) were achieved and the principle experimental phenomena, arising in the CFRP laminates subjected to the continuous wave laser irradiation, were demonstrated in the following section.
As far as the interfacial stresses meet the fracture criterion, like as that derived from the theory of maximum tensile, shear stress and equivalent stress, the DOF of the nodes at the interfaces would be decoupled and the uncoupled interlaminar nodes act as the free surfaces of the interlaminar cracks.
The computational results and discussion
The typical temperature and their gradient profiles at several specific instants, i.e. time ¼3 s, 5 s and 7 s are shown in Fig. 7 and 8 for the case of laser power 800 W.
One can find out that the maximum temperature within the irradiated area arises at the instant 3 s, after then the laser irradiation was switched off and the maximum temperature would decrease apparently. Although the backward surface might have experienced further temperature increasing for some time after the laser was switched off due to the lag in heat conduction through the depth direction of the laminates. It is also indicated that the peak temperature appears at the center point while the maximum temperature gradient appear in the zones around the edge of the laser beam covered region.
To reveal the temperature evolution of the specimen, the temperature histories of specific nodes for the case of laser power 800 W are displayed in Fig. 9 . The dependency of the temperature histories of the specific nodes, node 1, 3, 4 and 6 on the incident laser power are further shown in Fig. 10 (a), (b 
), (c) and (d).
It is validated that the maximum temperature of the node #3 that located at the center of the forward surface covered by the laser spot arises at the instant of time ¼3 s, when the laser is to be switched off. The maximum magnitudes of the temperature of the other nodes appear later than 3 s because the inevitable delay in the heat conduction within the laminates. The temperature of the nodes at the forward surface change much more abrupt than that of the nodes at the backward surface as indicated in the history curves in Figs. 9 and 10, which is in consistent with the intuitive knowledge. Fig. 10 also shows that the increase in laser power would increase the temperature magnitudes but not change the characteristics of the temperature histories.
The temperatures are mapped onto the vertical path (path 1) and the horizontal path (path 3) as shown in Fig. 11 and 12 , respectively. In detail, Figs. 11 (a) and 12 (a) provide the path mapping of the temperature at specific instants, while as Figs. 11 (b) and 12 (b) the path mapping of the temperature for the cases at instant 3 s with different incident laser power.
It is indicated that the temperature in the region around the forward surface would approach their maximum magnitudes at the instant when the laser irradiation was switched off. In comparison, the other regions would experience further temperature elevation after then. Moreover, one can find out that the increase in the incident laser power would increase the temperature gradients in both the vertical direction and the horizontal direction as shown in Figs. 11(b) and 12 (b) , respectively. The horizontal path mapping of the temperature in Fig. 11 also shows that the temperature elevation is mainly refined to the region of radius about twice the laser beam radius. That is, the temperature change is very slight about r_b Â 2 distant away from the center of the laser beam covered region. Fig. 13 shows the total displacement profiles for the case of laser power 800 W at the instants time ¼3 s, 5 s and 7 s. From the geometrical view, the local bump of the decomposed materials is in consistent with the experimentally observed morphology. The out of plane deformation could be observed via magnifying the displacement vector field by about 50 times as the mass transfer is temporarily omitted in the simulation. The out of plane deformation is always thought to be responsible to the arising of normal interfacial tensile stress in a multilayer structure. Moreover, the high displacement gradient arise near the edge of the laser beam covered region, which would induce large shear stress therein. Fig. 14 shows the profiles of the normal stress component along the Z direction SZ for the case of laser power 800 W at the instants time ¼3 s, 5 s and 7 s. Truly, the obvious normal tensile stresses appear at the interfaces between the adjacent laminae, which should have resulted in the interlaminar cracking of the specimen during test.
The histories of the normal stress component SZ on node 2, the shear stress component SXZ on node 5 and SYZ on node 7 are diagramed in Fig. 15 (a), Fig. 16 (a) and Fig. 17 (a) . Correspondingly, the histories of the temperature and temperature gradient histories are graphed in Fig. 15 (b), Figs. 16 (b) and 17 (b) . It is indicated in Fig. 15 (a), Fig. 16 (a) and Fig. 17 (a) that the normal stress SZ at node 2, the shear stress SXZ at node 5 and SYZ at node 7 all experience an abrupt increasing after the laser irradiation started and a gradual decrease after the laser irradiation stopped.
The peak magnitudes of these stress components appear at the instant several seconds after switching off the irradiation, which is in consistent with the relevant temperature histories as shown in Fig. 15 (b) , Fig. 16 (b) and Fig. 17 (b) . That is, the delay in the peak values of the temperature and temperature gradients on these nodes would accompanied with the delay in the peak stresses therein. As the thermal stress would be ultimately determined by the relevant temperature field as indicated by Eq. (4).
The normal stress component SZ mapped onto the vertical path 1 is shown in Fig. 18 (a) for the case of laser power 800 W at different instants. Fig. 18 (b) shows the stress component SZ at instant 7 s mapped onto the vertical path 1 for the cases of different laser powers. Fig. 18 (a) shows that the normal stress acted on the nodes at the central axis basically increases with time of range from 1 s to 7 s, and after then decrease gradually. Fig. 18 (b) shows that the increase of the incident laser power would basically lead to the increase of the normal interlaminar stress. While a little deviation would arise around the forward surface of the specimen, in particular there exists obvious normal compressive stress near the forward surface at the instant time ¼1 s as shown in Fig. 19 (a) . Fig. 19 (b) also reveals that the normal stresses around the middepth of the specimen decease with the increase of the incident laser power. This is because the pyrolyzation volume, as shown in Fig. 19 , increases with the increase of the incident laser power and more stress within the domain close to the pyrolyzation zone would be released.
The shear stress components SXZ and SZ at instant 7 s mapped onto the vertical path 2 is shown in Fig. 20 for the cases of different laser powers. Again, the shear stress component mapped onto the vertical path2 show that the maximum magnitude arises at the interfaces between the laminae around the backward surface of the specimen. All of the stress results explain why there are more large interlaminar cracks developed at the interface near the backward surface of the specimens in the experiments, which is similar to the so-called multi-interlaminar shear [28] . To be noted that there exists a maximum magnitude around the pyrolysis front edge for the normal stress SZ mapped onto path2 due to the free edge effect, although which is relatively small in comparison to that at the center around the backward surface as shown in Fig. 15 . The interlaminar delamination could not necessarily be induced by such small tensile stress therein. However, it is revealed that the mode mixity of the interface stress is position dependent, which would influence the interlaminar damage status as the interface toughness relies on the mode mixity of loading.
The computational results also reveal that the maximum normal stress acted on the interface between the adjacent laminae is slightly higher than 20 MPa and the maximum shear stress slightly higher than 25 MPa, which is about half of the interlaminar strength of the CFRP laminates measured in room temperature ambient [2] . Such difference indicates that the temperature elevation in service as well as heat treatment would greatly reduce the interlaminar strength of the CFRP laminates [13, 16, 22, 28] . The technique of coupling and decoupling of DOF is applied in the modeling to preliminarily simulate the interlaminar cracking of the laminates with the criterion of the normal stress equals to 20 MPa or the absolute magnitude of the resultant shear stress equals to 25 MPa. The progressive cracking could be observed around the backward surface in the specimen subjected to the irradiation of Laser with output power 800w as shown in Fig. 21 . It is indicated that the interlaminar cracking would arise during the unloading stage and the interface cracks propagate with the cooling of the specimen, which might be partly because that the interlaminar cracks enhance the stress singularity around the crack tip. It is also revealed that the crack surfaces would experience relative sliding under the action of shear stress although the crack opening displacement is not so obvious at some interfaces near the backward surface of the specimen. 
Conclusion
The thermo-mechanical responses of the CFRP laminate to the irradiation by continuous wave laser were investigated experimentally and numerically. In particular, the interlaminar damages induced by the thermal loading were studied. The theoretical results have explained well the experimental outcome.
The experimental results indicate that the ablation would arise in the forward surface layer irradiated by the continuous wave laser due to the pyrolysis of the epoxy matrix. And large interlaminar cracks have been observed, especially around the backward surface of the specimens. The finite element analysis reveals that the peak stresses arise in the cooling stage after the laser beam was removed, when the maximum temperature gradients are developed in the specimens. Moreover, the peak normal stress as well as shear stress arise at the interfaces between the laminae around the backward surface of the specimen, that is why the large interlaminar cracks were observed therein. This is also validated by the preliminary numerical simulation with coupling and decoupling technique of DOF of the interfacial nodes. 
